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The photopolymerization diffusion models give accurate comprehension of the mechanism of hologram forma-
tion inside photopolymer materials. Although several models have been proposed, these models share the
common assumption that there is an interplay between the processes of monomer polymerization and mono-
mer diffusion. Nevertheless, most of the studies to check the validity of the theoretical models have been done
by using photopolymers of the DuPont™ type, or photopolymer materials with values of the monomer diffusion
time similar to those of the DuPont material. We check the applicability of a modified diffusion-based model
to a polyvinyl alcohol–acrylamide photopolymer. This material has the property of longer diffusion times for
the monomer to travel from the unexposed to the exposed zones than in the case of other polymeric materials.
Some interesting effects are observed and theoretically treated by using the modified first-harmonic diffusion-
based model we propose. © 2003 Optical Society of America
OCIS codes: 090.0090, 090.7330, 090.2900, 160.5470.1. INTRODUCTION
Photopolymers are systems of organic molecules that rely
on photoinitiated polymerization to record volume-phase
holograms. Characteristics such as good light sensitiv-
ity, large dynamic range, good optical properties and rela-
tively low cost make photopolymers one of the most prom-
ising materials for write-once–read-many (WORM)
holographic data storage applications.1
Photopolymer systems for recording holograms typi-
cally comprise one or more monomers, a photoinitiation
system, and an inactive component often referred to as a
binder.2 Other components are sometimes added to con-
trol a variety of properties such as sensitivity and viscos-
ity of the recording medium. The mechanism of holo-
gram formation is assumed to be a consequence of the
interplay between the processes of monomer polymeriza-
tion and monomer diffusion that take place when the ma-
terial is illuminated.3 These processes are taken into ac-
count in all diffusion-based models of the mechanisms of
hologram formation.3–10
As a result of the availability of commercial polymers
such as DuPont™ photopolymer, much work has been0740-3224/2003/102052-09$15.00 ©done in understanding the dynamics of grating formation
in polymer materials. For instance, Zhao and Moroulis3
studied experimentally the holographic recording process
in DuPont dry photopolymer. They proposed a theoreti-
cal model that comprises the basic ideas of all diffusion-
based models. That is, as a result of the exposure to
light, the monomers initially present in the binder are po-
lymerized. If the material is exposed to an interference
pattern of light, a gradient of monomer concentration is
created inside the material. Then diffusion of monomer
from the nonexposed zones to the exposed zones occurs.
The variation of monomer concentration with time is then
a consequence of two mechanisms: monomer diffusion
and monomer polymerization. This model was later re-
fined by Colvin et al.4 and used by them to predict the
temporal evolution of the diffraction efficiency for volume
gratings recorded in a polymeric medium containing pho-
topolymerizable acrylate monomers. In the model pro-
posed by Zhao and Mourolis,3 the refractive index was as-
sumed to depend linearly on the polymer concentration.
Because the refractive indices of the monomer and poly-
mer are different, Aubrecht et al.5 stated that the first or-2003 Optical Society of America
Niepp et al. Vol. 20, No. 10 /October 2003 /J. Opt. Soc. Am. B 2053der of the refractive index depends linearly on the first or-
der of the polymer concentration, but also on the first
order of the monomer concentration. Kwon et al.6 also
considered the influence of the first order of the monomer
concentration on the refractive index modulation and
studied experimentally a DuPont photopolymer, finding
good agreement between the theoretical model and their
experimental data. Another complete model was pro-
posed by Sheridan et al.,7 Lawrence et al.,8 and O’Neill
et al.,9 which they called a ‘‘nonlocal response diffusion
model.’’ This nonlocal response of the material is due to
the growth of the chains of photopolymer away from their
initiation point, which implies a spreading of the photo-
polymer.
On the other hand Piazolla and Jenkins10 developed a
first-harmonic diffusion model by considering only the
first order of the refractive index and the monomer con-
centration. This model had the advantage that an ana-
lytical expression of the refractive-index modulation was
obtained that permitted a simple interpretation of the
process dynamics. In their model Piazolla and Jenkins
assumed that the rate of variation of the refractive index
is proportional to the rate of diffusion of the free mono-
mer. This assumption was based in turn on the supposi-
tion that photopolymerization does not change locally the
refractive-index modulation, and this is related to the lo-
cal variation of material mass density. Nonetheless, the
refractive indices of the polymer and monomer are differ-
ent, thus not only is material mass density important, but
the particular polymer and monomer concentrations play
an important role in the mechanism of hologram
formation.5 To introduce this hypothesis we propose a
new first-harmonic diffusion-based model. We also com-
pare in this work the theoretical results with experimen-
tal data obtained for volume transmission–diffraction
gratings recorded in a polyvinyl alcohol (PVA)–
acrylamide photopolymer. Because the polymer studied
presents a high thickness, overmodulation effects are also
described. We stress the significance of the hypothesis
we have added to the previous model of Piazolla and Jen-
kins. We will see that some features of the refractive-
index-modulation-versus-time curves can be explained
when applying our modified model.
2. THEORETICAL MODEL
A. First Harmonic Diffusion-Based Model
We will first assume that the material is exposed to a
sinusoidal interference pattern of the form
I~x ! 5 I0@1 1 m cos~Kg x !#, (1)
where m is the beam intensity modulation, Kg the grating
wave number, and I0 the average recording intensity.
Because the conversion of monomer to polymer is more
rapid in the bright regions than in the dark ones, we will
assume that the free monomer presents a sinusoidal spa-
tial concentration which is phase shifted 180° with re-
spect to the intensity pattern. Therefore, the concentra-
tion of monomer f (m) can be expressed as
f ~m !~x, t ! 5 f0
~m !~t ! 2 f1
~m !~t !cos~Kg x !. (2)On the other hand, in the bright regions the monomer
is converted into polymer. Therefore the polymer concen-
tration f ( p) takes the form
f ~ p !~x, t ! 5 f0
~ p !~t ! 1 f1
~ p !~t !cos~Kg x !. (3)
As the result of polymerization the concentration of
monomer decreases with time. Simultaneously, as the
result of the gradient of monomer concentration estab-
lished between the nonexposed and exposed zones, the
free monomer diffuses from the dark to the bright regions.
Equation (4) describes the variation of monomer concen-
tration taking into account these two processes.
]f ~m !
]t
5 2kR~t !I
d~x !f ~m !~x, t ! 1
]
]x
D
]
]x
f ~m !~x, t !,
(4)
where f stands for the volume fractions of the different
compounds; (m) and ( p) stand for monomer and polymer,
respectively; D is the diffusion constant, which we assume
to be constant; I is the illumination intensity, d is the re-
action rate constant, and kR(t) is the polymerization rate.
Equation (4) retains the form of equation proposed by Pia-
zolla and Jenkins10 to describe the consumption of free
monomer. We also introduce Eq. (5), which describes the
increase of polymer concentration due to polymerization:
]f ~ p !
]t
5 kR~t !I
d~x !f ~m !~x, t !. (5)
Equations (3) and (5) were not considered in Piazolla
and Jenkins’s model since they stated that the refractive
index change was dependent only on the variation in
monomer concentration. Nonetheless, the refractive in-
dices of the polymer and monomer are different,5 thus the
polymer concentration must be considered in order to ob-
tain the refractive-index modulation created in the mate-
rial. An interesting approximation of the dynamics of
hologram formation taking into account the differing re-
fractive indices of the polymer and monomer was made by
Aubrecht et al.5 According to their mathematical treat-
ment the refractive index of the material n composed of
polymer, monomer, and binder can be related to the re-
fractive indices of the individual components by using
n2 2 1
n2 1 2
5 f ~m !S nm2 2 1
nm
2 1 2
2
nb
2 2 1
nb
2 1 2
D
1 f ~ p !S np2 2 1
np
2 1 2
2
nb
2 2 1
nb
2 1 2
D 1 nb2 2 1
nb
2 1 2
,
(6)
where np , nm , and nb are the refractive indices of the
polymer, monomer, and binder, respectively.
Aubrecht et al.5 studied grating formation by investi-
gating the temporal variation of the individual harmonic
components of the spatial distribution of the refractive in-
dex. An infinite set of coupled equations was then ob-
tained. In their approach it is difficult to obtain quanti-
tative information on the different parameters of the
theoretical model by fitting experimental data of the tem-
poral evolution of the diffraction efficiency. In our analy-
2054 J. Opt. Soc. Am. B/Vol. 20, No. 10 /October 2003 Niepp et al.sis we will retain only the first harmonic of the refractive
index, as was done by Piazolla and Jenkins.10
The first-harmonic component of the refractive index
can be expressed as5
n1 5 C1b2C2f1~m ! 1 C3f1~ p !c, (7)
where
C1 5
~ndark
2 1 2 !2
3ndark
, (8)
C2 5 S nm2 2 1
nm
2 1 2
2
nb
2 2 1
nb
2 1 2
D , (9)
C3 5 S np2 2 1
np
2 1 2
2
nb
2 2 1
nb
2 1 2
D , (10)
and where ndark is the refractive index of the mixture of
compounds without illumination. By using Eqs. (1)–(3),
Eqs. (4) and (5) can be converted into
]
]t
f ~m !~x, t ! 5 2kR~t !I0
d@1 1 md cos~Kg x !#
3 @ f0
~m ! 2 f1
~m ! cos~Kg x !#
1
f1
~m !
tD
cos~Kg x !, (11)
]
]t
f ~ p !~x, t ! 5 kR~t !I0
d@1 1 md cos~Kg x !#
3 @ f0
~m ! 2 f1
~m ! cos~Kg x !#, (12)
where the following approximation was made10: I(x)d
’ I0
d@1 1 md cos(Kg x)#. This approximation turns out
to be exact for d 5 1, which is in fact the value of the rate
constant used in our theoretical fits.
The diffusion time constant tD is defined as tD
5 1/DKg
2.
Finally, the following expressions for the harmonic
terms can be derived:
df0
~m !
dt
5 2kR~t !I0
dS f0~m ! 2 md2 f1~m !D , (13)
df1
~m !
dt
5 kR~t !I0
d~mdf0
~m ! 2 f1
~m !! 2
f1
~m !
tD
,
(14)
df0
~ p !
dt
5 kR~t !I0
dS f0~m ! 2 md2 f1~m !D , (15)
df1
~ p !
dt
5 kR~t !I0
d~mdf0
~m ! 2 f1
~m !!. (16)
Equations (13)–(16) combined with Eq. (7) are the basic
equations of this first-harmonic diffusion model.B. Analytical Solution for Constant Polymerization
Rate
First we will derive an analytical solution of Eqs. (13)–
(16) for the case of constant polymerization rate, kR(t)
5 k0 . By doing this, the main aspects of the theoretical
model can be understood.
To solve Eqs. (13)–(16) we assume that before exposure
there is only monomer, equally distributed in the material
with concentration f0 . Therefore
f1
~m !~0 ! 5 f0
~ p !~0 ! 5 f1
~ p !~0 ! 5 0, (17)
and
f0
~m !~0 ! 5 f0 . (18)
Provided that the polymerization rate is constant, the so-
lutions of Eqs. (13)–(16) are
f0
~m !~t ! 5
f0
a
expF2S gmd 1 12tDD tG
3 F sinhS a2tD t D 1 a coshS a2tD t D G , (19)
f1
~m !~t ! 5
2f0gtD
a
expF2S gmd 1 12tDD tGsinhS a2tD t D ,
(20)
f0
~ p !~t ! 5 f0F1 2 f0~m !~t !
f0
G , (21)
f1
~ p !~t ! 5
2f0
@22 1 I0
dk0~22 1 m
2d 2!tD#
3 H 1
a
expF2S gmd 1 12tDD tG
3 F S md 2 2g2tD2
md
1 g2tD
2 md D
3 sinhS a2tD t D 1 mda coshS a2tD t D G 2 mdJ ,
(22)
where
a 5 A1 1 2g2tD2 , (23)
and
g 5 I0
dk0md. (24)
To comprehend the basic ideas of the model we will
make two further assumptions that allow us to obtain a
simpler closed form of the first order of the refractive in-
dex:
d 5 m 5 1. (25)
Setting d 5 1 means that the polymerization rate is
proportional to the interference pattern, which is in fact
the assumption made in most of the diffusion-based
models,3–5 whereas the value of m 5 1 was taken for sim-
plicity.
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the refractive index can be obtained. The first order of
the refractive index has the form
n1 5
2C1f0
~2 1 gtD!
X1
a
expF2S g 1 12tDD tG
3 H @~C3 2 C2!g2tD2 2 2C2gtD 2 C3#
3 sinhS a2tD t D 2 C3a coshS a2tD t D J 1 C3C,
(26)
where the value of g under the assumptions of Eq. (25) is
now
g 5 I0k0 . (27)
Figure 1 depicts the general form of the first harmonic
of the refractive index as a function of time. One can see
that the amplitude of the grating modulation increases
with time until a maximum value of n1sat . From Eq. (26)
the value of the maximum achievable modulation is
n1sat 5
2C1C3f0
~2 1 gtD!
, (28)
which is proportional to C1 , C3 , and to the initial concen-
tration of monomer f0 .
Some aspects of expressions (26) and (28) will be dis-
cussed in order to outline the dynamics of the mechanism
of hologram formation. First, we want to comment on
the proportionality of n1sat with respect to C3 as given by
Eq. (10). A simple calculation gives
C3 5 3S 1
nb
2 1 2
2
1
np
2 1 2
D . (29)
From Eq. (29) it can be seen that C3 increases with the
difference between the refractive index of the polymer
and the refractive index of the binder (np 2 nb) with a
consequent increase of the value of n1sat [Eq. (28)]. This
can be easily understood if we remember that for long
times of exposure, all the monomer has been converted
into polymer. Therefore, in the bright regions the mate-
rial is composed of polymer and binder whereas in the
dark ones there is only binder; no monomer remains in
the material. The refractive index modulation is, then, a
consequence of the differences in refractive index between
Fig. 1. General form of the first order of the refractive index as
a function of time.these zones, which in turn depends on the refractive indi-
ces of the polymer and binder only.
The dependence of n1sat on the product gtD also needs
comment. To make a comparison with the models of
Refs. 3–6 we will change the form of Eq. (28):
n1sat 5
2C1C3f0
~2 1 1/R !
, (30)
where R is defined as
R 5 tp /tD . (31)
With the polymerization time tp defined as
tp 5 1/g, (32)
then
tp 5 1/I0k0 for d 5 m 5 1. (33)
As can be seen from Eq. (30) the value of n1sat grows as
R increases, which is the same behavior as that described
in Refs. 3–5. The analytical expression of the refractive-
index modulation of Eq. (30) has the advantage that the
behavior discussed can be directly checked. An interpre-
tation of this behavior was provided by Aubrecht et al.5 If
we want to attain high values of n1sat , the diffusion time
tD must be lower than the polymerization time tp in order
that the monomer not become polymerized before it
reaches the interference maximum; this in turn requires
R @ 1. Figure 2 shows the first order of the refractive in-
dex as a function of time for different values of R given by
Eq. (30). In general, the curves show the same tendency
as those of Refs. 3–5: the higher the value of R, the
higher the maximum and steady-state values of the first
order of the refractive index as a function of time. Nev-
ertheless, curves corresponding to R values of 0.1, 0.04
and 0.02 better resemble curves shown by Kwon et al.6 for
these low values of R. These curves for values of R ! 1
present first a peak followed by a decrease of the
refractive-index modulation. In this case tD @ tp ; thus
most of the monomer is consumed before it can reach the
exposed zones, and the modulation of polymer concentra-
tion f1
( p) decreases. It is important to stress that it is for
values of R ! 1 where differences between our model and
those of Refs. 3, 4 and 7–10 arise. This is because ex-
pression (7) becomes a relation of proportionality of n1
with the first order of polymer concentration, as assumed
in the models in Refs. 3, 4, and 7–9, when the first order
of monomer concentration is negligible. This occurs5
Fig. 2. First order of the refractive index as a function of time
for different values of R. The following values were considered:
I0 5 10 mW cm
22; k0 5 0.025 cm
2 mW21 s21.
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mer, which is the case for long values of the exposure time
or when tp @ tD (R @ 1).
To help understand better the dynamics of polymeriza-
tion and diffusion, Figs. 3(a) and 3(b) are presented. The
first orders of the monomer and polymer concentration,
both normalized to the initial monomer concentration, are
presented as a function of the diffusion time tD and the
time of exposure t. The value of the exposure intensity is
I0 5 5 mW cm
22 and k0 5 0.015 cm
2 mW21 s21. The be-
havior of the first harmonic of the monomer concentration
[Fig. 3(a)] is the same as that shown by Piazolla and
Jenkins.10 The curves of f1
(m) as a function of time have
a fast-rising peak followed by a decrease. We can see
that the rate of growth of f1
(m) is controlled by the expo-
nential factor in Eq. (19): For a fixed value of g, increas-
ing values of tD imply slower growth of the first harmonic
of monomer concentration. Figure 3(b) shows the first
harmonic of the polymer concentration as a function of
the diffusion time and the time of exposure. Two familiesof curves can be observed: For low values of the diffusion
time tD (R @ 1), the first harmonic of the polymer con-
centration rises monotonically to a saturation value,
whereas for high values of the diffusion times (R ! 1) the
curves of f1
( p) as a function of time exhibit a first peak fol-
lowed by a decrease. This behavior is consonant with the
comments made on the influence of R on the first order of
the refractive index: For R @ 1 the monomers are poly-
merized in the bright regions, whereas for R ! 1 the
monomers are consumed before they reach the exposed
zones.
Another notable aspect of Eq. (26) is that the rate of
growth of the first harmonic of the refractive index is con-
trolled by the exponential through the diffusion time tD
and the polymerization time tp . The higher the values
of tD and tp , the slower the rate of growth of n1 as a func-
tion of time. This explains the fact that for high values of
the intensity, low values of tp result (see Eq. 33) and the
saturation refractive-index modulation n1sat is reached
earlier. This is a well-known feature exhibited by experi-Fig. 3. First order of (a) the monomer and (b) the polymer concentration normalized to the initial monomer concentration as a function
of the time of exposure for different values of the diffusion time. The following values were considered: I0 5 5 mW cm
22; k0
5 0.015 cm2 mW21 s21.
Fig. 4. First order of the refractive index as a function of the time of exposure for different values of the average recording intensity.
The following values were considered: f0 5 0.06; k0 5 0.015 cm
2 mW21 s21; tD 5 (a) 2 s, (b) 50 s.
Niepp et al. Vol. 20, No. 10 /October 2003 /J. Opt. Soc. Am. B 2057Fig. 5. First order of the refractive index as a function of the time of exposure for different values of the diffusion time. The following
values were considered: f0 5 0.06, k0 5 0.015 cm
2 mW21 s21; I0 5 (a) 4 mW cm
22, (b) 10 mW cm22.
Fig. 6. First order of (a) monomer concentration, (b) polymer concentration, (c) refractive index, and (d) average monomer concentration
as a function of the time of exposure for different values of w. The following values were considered: I0 5 5 mW cm
22, k0
5 0.015 cm2 mW21 s21, tD 5 30 s.mental curves of the refractive-index modulation as a
function of time, and it is also described in Refs. 3–6 and
10. Figures 4(a) and 4(b) show n1 as a function of time
and the average exposure intensity I0 for two different
values of diffusion time, 2 s and 50 s, where the behavior
just discussed can be observed. It can be seen that as the
average exposure intensity increases, so does the rate of
growth of n1 with time. In Fig. 4(a) it can be seen that
with an increase in I0 , the steady states are reached ear-
lier. On the other hand it is interesting to observe the
behavior of n1 with time for a high value of the diffusion
time in Fig. 4(b). In this case, when I0 is sufficiently
high, R ! 1 and the curves of n1 as a function of time
first present peaks followed by a decrease with time; thiswas pointed out when Fig. 2 was discussed. On the other
hand Figs. 5(a) and 5(b) show n1 as a function of time and
diffusion time for two different values of exposure inten-
sity, 4 mW cm22 and 10 mW cm22. Again the diffusion
time tD influences the rate of growth of n1 with time, and
for higher values of tD the steady-state values are
reached earlier.
C. Numerical Results for a Time-Dependent
Polymerization Rate
The results presented in Subsection 2.B represent the
cases where the value of the polymerization rate remains
constant with time. Nonetheless, experimental
2058 J. Opt. Soc. Am. B/Vol. 20, No. 10 /October 2003 Niepp et al.observation11 demonstrates that this value changes dur-
ing the polymerization process. Piazolla and Jenkins,10
for instance, assumed that the polymerization rate in-
creases exponentially with time. They found this depen-
dence on the basis of empirical arguments. Although in-
cluding a time-varying polymerization rate does not
change considerably the physical interpretation of the
model presented, its influence needs to be considered.
First we tried to fit the experimental data of the diffrac-
tion efficiency as a function of time for our PVA–
acrylamide-based photopolymer by assuming a
polymerization-rate constant that increases with time.
However, we found that the model is more predictable if a
decaying polymerization constant is considered. In addi-
tion, our experimental observation confirmed that when
the recording process finishes there is still free monomer.
This can be understood if the polymerization rate is as-
sumed to decrease with time. By taking into account
these facts we will assume the following dependence of
the polymerization rate constant:
kR~t ! 5 k0 exp~2wt !. (34)
Figures 6(a), 6(b), and 6(c), respectively, show the de-
pendence with time of the first harmonic of monomer and
polymer concentrations and the first harmonic of refrac-
tive index. When w increases, on the one hand the satu-
ration values decrease and on the other hand the rate of
change of all magnitudes increases. Finally, the effect on
the average monomer concentration can be seen in Fig.
6(d), where, as mentioned, it can be observed that the av-
erage monomer concentration is nonzero after exposure if
a decay of the polymerization rate with time is assumed.
The influence of this remaining monomer on the predic-
tions of the model analyzed in Subsection 2.B is basically
to lower the saturation refractive-index modulation n1sat .
This is due to the fact that at high values of the time of
exposure not only is the material composed of polymer
and binder in the bright regions and only binder in the
dark ones, as mentioned in Subsection 2.B, but it also
contains free monomer that remains in the material, so
the refractive-index modulation is lowered.
It is also interesting to note that PVA–acrylamide pho-
topolymer systems such as the one used in this work usu-
ally contain a cross-linker. Including a cross-linker in
the polymer network will increase the rate of polymeriza-
tion, thus increasing the rate of growth of the refractive-
index modulation as a function of time. This can be un-
derstood if one takes into account that the addition of a
cross-linking monomer supposes a quick rise of polymer
molecular weight obtained in the bright zones by cross-
linking of polyacrylamide chains, thus increasing the po-
lymerization rate.
3. EXPERIMENTAL RESULTS AND
VALIDATION OF THE MODEL
To test the model, transmission diffraction gratings were
recorded on a polymeric material. The photopolymeriz-
able solution was prepared, under red light, by adding
yellowish eosin together with a solution of acrylamide and
triethanolamine to a PVA solution. The concentration of
each of the components is listed in Table 1. The resultingsolution was deposited on a 20 cm 3 40 cm glass plate us-
ing an automatic depositor and adjusting the thickness of
the film. The plate was dried for a period of 72 h in the
dark and under normal laboratory conditions (T
5 21– 23 °C, HR 5 40– 60%). Once dried, the plate was
cut it into pieces measuring 6.5 cm 3 6.5 cm to be used in
our experimental setup.
The setup used in the experiments to record the trans-
mission diffraction gratings on the photopolymer is shown
in Fig. 7. An argon laser at a wavelength of 514 nm was
used to store diffraction gratings by means of continuous
laser exposure. The laser beam was split into two sec-
ondary beams with an intensity ratio of 1:1, that is m
5 1. The diameter of these beams was increased to 1 cm
with an expander, while spatial filtering was ensured.
The object and reference beams were recombined at the
sample at an angle of 16.8° to the normal with an appro-
priate set of mirrors, and the spatial frequency obtained
was 1125 lines/mm. The diffracted and transmitted in-
tensity were monitored in real time with a He-Ne laser
positioned at Bragg’s angle and tuned to 633 nm, at which
wavelength the material does not polymerize.
To obtain the diffraction efficiency as a function of the
angle at reconstruction, we placed the plates on a rotating
stage. Diffraction was calculated as the ratio of the dif-
fracted beam to the incident power; to take into account
Fresnel losses, the expression was multiplied by an ap-
propriate factor. The relation between the first-harmonic
component of the refractive index n1 and the diffraction
efficiency h for volume-phase holograms in which a sinu-
soidal diffraction grating has been recorded is given by
the following equation12:
h 5 exp~2ad/cos u8!sin2S pn1d
l cos u8
D , (35)
Fig. 7. Experimental setup.
Table 1. Composition of Polymeric Material
Component 100 mm
Acrylamide (AA) 0.44 M
Triethanolamine (TEA) 0.20 M
Yellowish eosin (YE) 2.5 3 1024 M
Dimethyl acrylamide (DMMA) 0.16 M
Polyvinyl alcohol (PVA) 6% w/v
Niepp et al. Vol. 20, No. 10 /October 2003 /J. Opt. Soc. Am. B 2059where l is the wavelength of reconstruction in air, a takes
into account the absorption and scattering of the holo-
gram (we have no means of differentiating them), d is the
thickness of the hologram, and u8 is the angle of recon-
struction in the recording medium, related to the angle of
reconstruction in air by Snell’s law.
Figure 8 shows the diffraction efficiency as a function of
time for holographic, unslanted diffraction gratings re-
corded in PVA–acrylamide photopolymer for different re-
cording intensities. The theoretical curves were obtained
by using expression (7). Although we observed slight
changes of the polymerization rate constant for the differ-
ent plates prepared, the value of k0 was kept in the inter-
val 0.013–0.016 cm2 mW21 s21. On the other hand the
values of the diffusion time tD between 40 and 60 s, high
if compared with the typical values of diffusion times used
in photopolymers of DuPont type,10 ;2 s, and w was found
to be in the interval 0.0005–0.0009 s21. It can be seen in
Fig. 8 that the recording intensity is a parameter that
controls the rate of increase of the refractive-index modu-
lation, in agreement with other diffusion-based models.
As the recording intensity increases, so also does the rate
of increase of the refractive-index modulation. This fact
is also well described by our theoretical model, and good
agreement between the theoretical fits and the experi-
mental data can be seen. On the other hand the high
values of the diffusion time allow us to see the behavior of
the diffraction efficiency as a function of time for a low
Fig. 8. Diffraction efficiency as a function of time for transmis-
sion diffraction gratings recorded on PVA–acrylamide photopoly-
mer at four different intensities. The refractive indices consid-
ered were nm 5 1.56, nb 5 1.52, np 5 1.60.
Fig. 9. Diffraction efficienc as a function of time for an over-
modulated transmission diffraction grating recorded on a PVA–
acrylamide photopolymer. The following values were consid-
ered: I0 5 2 mW cm
22, k0 5 0.027 cm
2 mW21 s21, tD 5 30 s.
The refractive indices considered were nm 5 1.56, nb 5 1.52,
np 5 1.60.value of the parameter R, defined in Subsection 2.B. In
the case of the curve that corresponds to the exposure in-
tensity of 18 mW cm22, the parameters of the theoretical
fit were as follows: kp 5 0.015 cm
2 mW21 s21, w
5 0.0009 s21, and tD 5 48 s. If we calculate R from Eq.
(31), we obtain ;0.07 which is !1, and the experimental
curve behaves as those shown in Fig. 2 for R , 0.01.
Figure 9 shows the diffraction efficiency as a function of
time for a holographic diffraction grating recorded in
PVA–acrylamide photopolymer exhibiting overmodula-
tion. The curve of squares corresponds to the experimen-
tal data, whereas the solid curve corresponds to the theo-
retical fit. This overmodulated diffraction grating was
obtained by increasing the concentration of initial mono-
mer with respect to that of Fig. 8. Although the theoret-
ical curve describes the overall behavior exhibited by the
experimental results, it deviates slightly from them at
high exposure times. This difference is possibly due to a
slight decrease of the diffusion rate at high times of expo-
sure. The decrease in the diffraction efficiency after the
peak is due to high values of the product n1d of the
refractive-index modulation and the thickness of the
hologram.12 This is possible because of the high thick-
ness d ; 75 mm of the final holograms recorded in our
photopolymer material. Another important aspect that
must also be commented on is that an increase in the con-
centration of acrylamide also meant a decrease in the dif-
fusion time—tD ; 30 s—and the polymerization rate
constant—k0 ; 0.027 cm
2 mW21 s21—in accordance with
Ref. 3.
4. CONCLUSIONS
A first-harmonic-based model is proposed to explain the
mechanism of hologram formation in a photopolymer ma-
terial. By following the approach of the diffusion-based
models, we learn that two processes play the main roles
in the formation of the diffraction grating: conversion of
monomer into polymer by photopolymerization and diffu-
sion of free monomer from the dark to the bright regions.
Because the refractive index of the monomer is different
from that of the polymer, the first orders of both the poly-
mer and the monomer concentrations play an important
role in the dynamics of grating formation. Thus, both
contributions must be taken into account, at least for val-
ues of R ! 1, as we have demonstrated.
We have shown an exact solution for the first order of
the concentrations of polymer and monomer and for the
refractive-index modulation, provided the polymerization
rate is constant. The analysis of the closed-form solution
of the refractive-index modulation permits easy under-
standing of the processes involved in the mechanism of
hologram formation. For instance, it has been shown
that the saturation refractive-index modulation n1sat , de-
pends on the refractive index of the polymer and the
binder. On the other hand, the dependence of the
refractive-index modulation on the parameter R has also
been analyzed, revealing differences in the cases R ! 1
and R @ 1.
The experimental results obtained by recording trans-
mission diffraction gratings on a PVA–acrylamide-based
photopolymer validated the theoretical model.
2060 J. Opt. Soc. Am. B/Vol. 20, No. 10 /October 2003 Niepp et al.With validation of the model, we can use it to predict
new behaviors in the dynamics of hologram formation
such as the influence of beam modulation, optimization of
the material for successive-angle-multiplexing recording,
influence of a slanted geometry in the recording setup,
and so forth.
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